Transposable elements (TEs) have the capability to propagate throughout genomes. Mammalian genomes are typically dominated by LINE retrotransposons and their associated SINEs, and their mobilization in the germline is a challenge to genome integrity. There are genomic defenses against TE proliferation and the PIWI/piRNAs defense is among the most well understood. However, the PIWI/piRNA system has been investigated largely in animals with abundant and actively mobilizing TEs and it is unclear how the PIWI/piRNA system functions in the absence of mobilizing TEs. The thirteen-lined ground squirrel provides an excellent opportunity to examine PIWI/piRNA and TE dynamics within the context of minimal, and possibly nonexistent, TE accumulation. We sequenced RNA and small RNAs pools from the testis of juvenile and adult squirrels and compared results to TE and PIWI/piRNA dynamics in the European rabbit (Oryctolagus cuniculus) and house mouse (Mus musculus). Interestingly in squirrels, despite a lack of young insertions, TEs were still actively transcribed in comparable levels to mouse and rabbit. All three PIWI proteins were either not expressed, or only minimally expressed, prior to P8 in squirrel testis, moreover we also discovered that PIWIL4 is expressed all the way into adulthood in the squirrel. This is a crucial difference as PIWIL4 is understood to facilitate TE methylation. We present evidence the PIWI/piRNA system reduced TE expression in rabbit and mouse, but the squirrel PIWIs largely did not affect TE expression. These observations indicate that L1s do not represent a major threat to genome integrity in the squirrel genome, and therefore repression mechanisms have relaxed.
Introduction
Transposable elements (TEs) are genomic parasites that can propagate by inserting copies of themselves into the genome of their host. They can account for up to 70% of mammalian genome content (de Koning et al. 2011 ).
Because of their ability to mobilize, TEs are powerful mutagens as novel TE insertions can disrupt exons, regulatory elements, and splice junctions, and also facilitate non-homologous recombination. As a result, TE insertions have been linked to genomic deletions, duplications, inversions, translocations, and chromosome breaks in a variety of genomes (Cheng et al. 2005; Franke et al. 2017; Platt et al. 2018) . Although some TE insertions have proven to be adaptive, TEs are generally considered a serious challenge to genome integrity.
Eukaryotic genomes have therefore evolved mechanisms to restrict TE mobilization, especially in the germ line.
PIWI proteins and PIWI-interacting RNAs (piRNAs) have emerged as key components in protecting the genome against the proliferation of TEs, and probably evolved in response to the challenge presented by them Brennecke et al. 2007; Aravin et al. 2008; Malone and Hannon 2009; Siomi et al. 2011) . The general principle is that piRNAs and PIWI proteins assemble into RNA-induced silencing complexes, which go on to neutralize TE-like targets by transcript cleavage or chromatin methylation Carmell et al. 2007; Houwing et al. 2007; Molaro et al. 2014) .
Of the characterized PIWI/piRNA models, vertebrates, fruit fly, and C. elegans each possess independently derived sets of PIWI paralogs which associate with different sets of piRNAs (Lewis et al.; Reddien et al. 2005; Kerner et al. 2011) . In mammals, mouse (Mus musculus) is the most studied system (reviewed in Ernst et al. (2017) ). Mouse piRNAs have been categorized into two major sets, pre-pachytene and pachytene, according to when their expression begins (Aravin et al. 2006; Girard et al. 2006 ). Pre-pachytene piRNAs are first expressed in the early stages of spermatogenesis, are enriched for TE-like sequences, and preferentially associate with the PIWI paralogs, PIWIL2 and PIWIL4. Pre-pachytene piRNAs are thought to be largely responsible for silencing TEs. By contrast, pachytene piRNAs begin their expression when spermatocytes reach the pachytene stage, are largely derived from intergenic regions, and preferentially associate with PIWIL1. Even though pachytene piRNAs are the most abundant piRNA in adult mouse testes, their biological role is still poorly understood and current evidence suggests they play a role similar to microRNAs, silencing messenger RNAs in mouse spermiogenesis (Li et al. 2013; Gou et al. 2014 ).
The mouse genome encodes for three PIWI paralogs that are also differentially expressed during development and associate preferentially with piRNAs of different sizes. PIWIL2, also known as MILI, preferentially binds piRNAs 26-27 nucleotides long, begins expression at embryonic day 12.5 (E12.5) in developing testes, and is linked to the post-transcriptional silencing of TEs. PIWIL4, or MIWI2, preferentially binds to piRNAs ~28 nucleotides long, is expressed between E15.5 and post-natal day 3 (P3), and is linked to the de novo establishment of methylation marks in primordial germ cells (Aravin et al. 2008) . Finally, PIWIL1, or MIWI, begins expression at P14, when the pachytene stage of meiosis begins and continues through adulthood. This paralog preferentially binds to piRNAs ~30 nucleotides long and is mostly linked to spermiogenesis (Lau et al. 2006 ). Both PIWIL2 and PIWIL4 participate in a feed-forward loop known as the ping-pong cycle that servres to reduce the abundance of TE transcripts through piRNA-guided cleavage of TE-derived mRNAs Aravin et al. 2008; Kuramochi-Miyagawa et al. 2008; De Fazio et al. 2011) . A complete understanding of the functional roles of piRNAs is still lacking, but we know that defects in PIWI paralogs lead elevated TE activity and problems in the male germline (Carmell et al. 2007; Houwing et al. 2007; O'Donnell and Boeke 2007) .
We know that TE activity and accumulation rates vary among different mammals, both in terms of the type of TEs that are active and in the level of challenge presented by them. However, most efforts at understanding piRNA/PIWI homolog biology in vertebrates have focused on the mouse model, and it is not clear whether the developmental changes in PIWI and piRNA expression observed are evolutionarily conserved or how piRNA repertoires react to changes in the TE repertoire challenging a given genome. As a first step to address this problem, we sought to characterize developmental changes in the expression of PIWI paralogs and piRNAs in a set of species with a conserved repertoire of PIWI paralogs but clear differences in genomic TE landscapes and developmental regimes. Herein, we compare two rodents, mouse and thirteen-lined ground squirrel (Ictidomys tridecemlineatus), and the European rabbit (Lagomorpha: Oryctolagus cuniculus). The mouse has a typical mammalian genomic TE landscape, dominated by currently active retrotransposons, LINE-1 (L1), and associated SINEs. By contrast, genomic surveys indicate that the last TE insertions in the thirteen-lined ground squirrel genome were deposited between four and five million years ago (Platt and Ray 2012) . Thus, the squirrel offers a unique opportunity to study piRNA biogenesis, piRNA diversity and the ping-pong cycle in a system where TE mobilization appears to have ceased. Lastly, rabbit, which exhibits a typical mammalian TE landscape (but distinct from mouse), was included as an outgroup. Specifically, we explored relationships between TE abundance at the genome and transcript level in each species, characterized developmental changes in the expression of PIWI paralogs and piRNAs, determined whether squirrel piRNAs exhibit the signatures of the ping-pong cycle, and explored whether changes in the expression of PIWI paralogs in rabbit and squirrel are linked to changes in the piRNA repertoires, as is the case with mouse. We found clear differences in PIWI expression and piRNA repertoires when comparing squirrel to rabbit and mouse, which could be linked to the TE shutdown seen in the squirrel. Further, we found evidence of a limited ping-pong response in the squirrel, even in the presence of TE-derived transcripts, suggesting that PIWI-mediated TE silencing is less necessary to maintain genome integrity when the TEs themselves exhibit reduced accumulation rates.
Results

TE accumulation
To understand the evolutionary consequences of the interplay between TEs, piRNAs and PIWIL paralogs, we explored variation in 1) TE activity, 2) the expression and origin of piRNAs, and 3) the expression of PIWI paralogs in rabbit, mouse, and squirrel in a comparative framework. As a first step, we characterized patterns of TE accumulation, diversity, and abundance in the genomes. We assessed the action of TEs by measuring their rates of transcription and of integration into the host genome. As in most mammals, LINEs, SINEs and LTR retrotransposons account for the vast majority of TE insertions in these three species. Close to half of the TEderived portion of the genome corresponds to LINEs, with a low number of insertions from DNA transposons in all three genomes ( Fig. 1A) . In contrast, there were clear differences in the relative contribution of SINEs, and LTRs among them: SINEs account for close to half of the TE-derived portion of the genome in the rabbit and LTR retrotransposons contribute a larger fraction in squirrel and mouse relative to the rabbit. These three species also differ in the historical patterns of TE insertion. To reconstruct TE deposition history we classified insertions by subfamilies and estimated the Kimura 2-parameter distance between consensus sequences of each TE family and individual insertions under the assumption that TE copies that are more similar to the corresponding consensus are younger. In the case of the squirrel, these analyses confirm the absence of young TE insertions as reported previously ( Fig. 1B ) (Platt and Ray 2012) . By contrast, in rabbit over 1% of the genome derives from young SINEs, and over 2% of the mouse genome is occupied by young LINE insertions.
Here, we define "young" as exhibiting <5% divergence from the relevant consensus sequence.
TE expression
TE expression is expected to be a major determinant of the actual risk a TE poses to the host genome. Further, in the ping-pong model, TE expression is hypothesized to play a major role in shaping piRNA repertoires: transcripts from the most highly transcribed TE subfamilies would be a major source of sense piRNAs, which would then generate the corresponding antisense piRNAs through the ping-pong cycle. Thus, it was critical for our goals to estimate levels of TE expression. We did so by mapping RNA-Seq reads to the libraries of TE consensus sequences for each species. We combined RNA-Seq data from ground squirrel and rabbit testes generated in our study with publicly available data from the mouse. TEs contributed 6%, 4%, and 1% to the mRNA pools in mouse, squirrel, and rabbit, respectively, with SINEs as the most highly expressed TE in all three (Supplemental Fig. 1 , Supplementary Online Material). These results were somewhat unexpected for two reasons. First, given the dearth of young TE insertions in the squirrel, we predicted that TE-derived mRNAs would be present at very low levels in this species. Second, because the relative contribution of recent TE insertions to the genome are similar in mouse and rabbit, we did not expect to see major differences in the relative contribution of TEs the corresponding transcriptomes. In addition, we expected that for a given TE type, the relative abundance of recent TE insertions would reflect the relative abundance of the corresponding TEderived transcripts in the RNA pools. For example, given the small number of young TE insertions in the squirrel, we predicted that TE-derived mRNAs would be present at very low levels. Further, we predicted that the high numbers of young LINE and SINE insertions in the rabbit would be accompanied by a higher transcription of these two types of TEs. We found that, in general, the TE subfamilies with the youngest insertions were the most highly expressed and that just a few subfamilies contributed the majority of RNA (Supplemental Fig. 2 , Supplementary Online Material), similar to what was described previously for dog, horse and a microbat (Vandewege et al. 2016 ). However, we also observed a mismatch between transcript abundance and recent insertions. At the intraspecific level, SINEs in rabbits were expressed at much lower levels than LTRs, but they contribute the most recent insertions (Fig. 1) . In mouse, SINEs are also the most expressed TEs but the majority of recent insertions correspond to LINEs. The squirrel represents the most extreme case in our study, as LINEs, LTRs, and SINEs are expressed at similar levels as in the other two species but have not been accumulating.
PIWIL paralog expression
The role of piRNAs in silencing TEs is mediated by the PIWI paralogs, so it was of interest to characterize the expression profiles of the three PIWIL paralogs. To do so we sequenced testis RNA pools from juvenile (0, 2, 8, 10, and 13 days post-birth) and adult squirrels, from juvenile (21 days post-birth) and adult rabbits and incorporated data from juvenile (7 days post-birth) and adult mice for comparative purposes. Our analyses revealed that in all species PIWIL1 is the most highly expressed paralog in adults followed by PIWIL2 ( Fig.   2A ). In juveniles, this order was reversed, with PIWIL2 expressed at higher levels than PIWIL1. In rabbit and mouse, PIWIL2 was the most expressed paralog in juveniles, as was the case with the p0 and p2 samples from squirrel, but PIWIL4 was the most expressed paralog in the squirrel P8, P10 and P13 samples. Further, there was substantial expression of PIWIL4 in adult squirrel, but expression was not detectable in adult mouse or rabbit.
Thus, expression patterns of PIWIL4 constitute the major difference between the squirrel and the other two species, and if the expression of PIWIL4 is ignored, the patterns then become consistent across all three species.
We then verified that the adult expression of PIWIL4 is the derived condition in squirrel by comparing to previous data from adult dog and horse testes (Vandewege et al. 2016 ) (Supplemental Fig. 3 
, Supplementary
Online Material). Thus, our results suggest that squirrel PIWIL4 expression represents a significant outlier relative to other mammals.
piRNAs
As expected, we observed developmental changes in piRNA expression. In squirrel, the P0 and P2 small RNAs libraries exhibited no clear hallmarks associated with PIWI processing of piRNAs, as there were few small RNAs between 24 and 32 nucleotides long, the uridine bias at the 5' position was absent (Fig. 2B) , and almost half of these small RNAs were derived from genic regions (Fig. 2C) , not TEs. After P8, we detected the presence of piRNA-like small RNAs with the expected length distribution and nucleotide composition ( Fig. 2B and 2C). A slightly higher fraction of these piRNAs mapped to TEs, as expected. This length distribution centered at 27-28 nucleotides persisted into adulthood. This size distribution also distinguishes the adult squirrel from mouse and rabbit, where there is a shift in piRNA size distribution from 27-28 to 29-30 nucleotides associated with the transition to adulthood (Fig. 2B) . piRNA mapping patterns showed developmental differences as well (Fig. 2C ). In the three species the percentage of piRNAs that map to genic regions decreases at the transition to adulthood, while the percentage of piRNAs mapping to unannotated portions of the genome increases. The squirrel also stands out in this regard, as there is a decrease in the percentage of piRNAs mapping to TEs in rabbit and mouse that is not clear in the squirrel.
piRNAs and TE dynamics
We then mapped piRNAs and RNASeq data to TE consensus libraries to study how the ping-pong cycle affects TE transcript abundance. As a first step, we examined how ping-pong piRNAs abundance changes in the most expressed L1 among species and development stages (Fig 3) . Overall, piRNAs mapped much more densely to L1s in the juvenile stages, except for the squirrel, where piRNA density starts low in the juvenile and stays low in adult. When we compared the expression of TEs and piRNAs among all TEs, once again, squirrel differed from mouse and rabbit. In the squirrel, we found that increases piRNAs mirrored increases in TE expression, with the highest expression of TEs and their associated piRNAs seen in adults (Fig. 4) . Further, we did not observe an abundance of ping-pong piRNAs prior to P8 ( Fig. 4; Supplemental Fig 4. Supplementary Online Material), consent with the expression of PIWIs (Fig. 1A) . In the case of mouse and rabbit, developmental changes in TE expression were inversely related to piRNA abundance in LINEs, LTRs, and rabbit SINEs, but not in mouse SINEs (Fig. 4 B) . Interestingly, piRNA pools in squirrel bear a weak 10-nucleotide complementary overlap that is the hallmark of the ping-pong cycle (Fig. 5C ). These signatures are evident in juvenile and adult LINE-mapping, and adult SINE-mapping piRNAs in rabbit and mouse, but are not detectable in juvenile SINEmapping piRNAs in these two species (Fig 5A and B) . Taken together, our results suggest that the activity of the ping-pong cycle is substantially reduced among squirrel TEs. Further, a focus on mouse and rabbit would also suggest that the ping-pong cycle responds differently to different TEs throughout development. LINEs appear to be targeted by piRNAs from the early stages of development and decrease, whereas a SINEs appear to be more efficiently targeted in adults but not in juveniles, an observation also reported by Mourier (2011) .
Discussion
PIWI proteins and piRNAs have emerged as key components in protecting genomes against TEs, but the interplay among them remains poorly understood. Exploring this interaction in an evolutionary context incorporating a developmental dimension was the central motivation of our study. We focused on comparing the squirrel, mouse, and rabbit because they share a common repertoire of PIWI proteins, but have different TE landscapes. Specifically, we characterized historical patterns of TE accumulation in the corresponding genomes, and compared expression of TEs, piRNAs, and PIWIL paralog expression in from different life stages.
TE expression and accumulation
We predicted a positive relationship between TE expression and the number of recent insertions, but both the rabbit and squirrel yielded data that do not match this prediction. In the case of the squirrel, we found that despite the absence of young insertions in the genome, TEs are still being actively transcribed: We observed relatively high expression of two L1, several SINE, and several LTR subfamilies (Supplemental Fig. 2 , Supplementary Online Material). This is consistent with the idea that transcription and successful reintegration are distinct phenomena and that the first does not necessarily lead to the second (Deininger et al. 2003; Kazazian 2004 ). This is particularly striking in the case of L1s, because the squirrel genome assembly lacks full length, intact L1s, and as a consequence, we expected to see low or no L1 expression. L1 expression is probably maintained by the presence of intact promoters that facilitate transcription, but faulty enzyme products prevent reverse transcription and integration. The presence of active TE transcription in mouse and rabbit was not surprising. However, we found that several mouse SINEs were highly expressed, although they do not appear to be accumulating in its genome. SINEs require the reverse transcriptase and endonuclease machinery encoded by the LINEs to propagate, we speculate that the lack of recent SINE insertions might be due to reduced success by SINEs as they compete for the LINE enzymatic machinery (Boeke 1997; Kroutter et al. 2009 ). Perhaps the most surprising observation was the overall paucity of TE-derived mRNAs in the rabbit RNA pools, as the number of recent TE insertions in mouse and rabbit are very similar, yet LINE and SINE transcripts are ~ 50 times more abundant in mouse (Supplemental Fig. 1, Supplementary Online Material) . Thus, our results raise questions regarding the relationship between TE expression and insertion rates. In fact, our analyses would suggest that insertion success may not be dependent on high levels of TE expression, in line with theoretical predictions from Lu and Clark (2010) . In this regard, it is possible that what constitutes "high" expression may vary among species, and comparisons of TE expression level may not be as informative as is commonly assumed. Or, analogous to mouse, where LINEs and LTR retrotransposons are more highly methylated than SINEs (Molaro et al. 2014) , SINEs could be methylated to a larger extent in rabbit testis, thus inhibiting transcription.
PIWIL paralogs
Of the three PIWI paralogs present in rodents, PIWIL1 and PIWIL2 behave as expected, increasing their expression as the animal matures to an adult. In the squirrel, however, the retention of PIWIL4 expression from P8 through adulthood was striking and is not seen in either mouse or rabbit, or any other mammal surveyed.
PIWIL4 is only expressed for a few days before and after birth in mice and is expressed in the P21 rabbit but not in the adult. While we cannot make definitive remarks on the functional role of PIWIL4 expression and its relation to piRNA and TE dynamics, the prolonged expression of a PIWI protein focally involved in the silencing of TEs through both transcriptional cleavage and TE methylation is a compelling observation, especially in light of the fact that an L1 apparently has not retrotransposed successfully in the squirrel genome within the last five million years (Platt and Ray 2012) . We speculate that the constant expression of PIWIL4 may have affected the squirrel TE landscape by preventing the proliferation of TEs. With no new functional copies being introduced, this may have allowed for all existing L1 elements in the genome to be disabled via mutations in both ORF1 and 2. In future analyses, this aspect might be more thoroughly addressed through genome-wide assessments of methylation, as well as protein visualization and localization experiment assays at different development stages.
piRNAs and TEs
Our analysis suggests that the interplay between piRNAs and TEs is complex, changes throughout development, and has some lineage-specific features. In our study, both mouse and rabbit have an active TE landscape and their piRNA repertoires bear the hallmarks of the ping-pong cycle. In these two species, with the exception of mouse SINEs, there is an inverse relationship between developmental changes in TE abundance and changes in the abundance of the corresponding piRNA pairs (Fig 4) . This observation matches the prediction of the ping-pong model. Pre-pachytene piRNAs are known to be biased towards TEs relative to pachytene piRNAs: a pattern observed in both the mouse and rabbit, but largely absent from the squirrel, which suggests that the pingpong cycle is not currently playing a strong role in repressing TE expression. In fact, multiple lines of evidence suggest the absence of an active response to TEs in the squirrel through the ping-pong cycle, even though TEs are being transcribed. In this species, we found that increases in TE expression were associated with increases in the number of piRNA ping-pong pairs, with the highest expression of TEs and the associated piRNAs in adults ( Fig. 4) . Furthermore, the overlaps among these ping-pong pairs have a relatively weak peak at 10 base pairs ( Fig. 5) , typical of the ping-pong cycle, as seen in the case of adult mouse and rabbit.
In mammals that are currently accumulating TE insertions, there are developmental changes in how the piRNAs map to TEs. Gainetdinov et al. (2017) compared fetal and adult human testis and suggest that there are two complementary modes of TE control, where pre-pachytene piRNAs mostly target recently active TEs, and pachytene piRNAs target older insertions. Our study also identifies developmental differences in how piRNAs map to the most highly expressed LINE in juvenile and adult mouse and rabbit, where piRNAs in juveniles but not adults in the corresponding comparison in squirrel (Fig. 3 ). In addition, there also changes observed in mouse and in rabbit, the two species with active TEs and traces of an active ping-pong cycle. Whereas LINE activity appears to elicit an active ping-pong response starting at the juvenile stage, SINEs are apparently not targeted by the ping-pong cycle until the adult stage ( Fig 5) .
Conclusions
Taken together, our results raise interesting questions regarding the interplay between TEs, piRNAs and PIWIL paralogs. To begin with, our study indicates that TE transcript abundance is not a good predictor of TE accumulation: TEs appear to be expressed much more in mouse than in rabbit, but the two genomes appear to be accumulating TEs at a similar rate, and within each of them, the most expressed TEs were not the ones generating the most insertions. In addition, we found that in these two species that harbor active TEs in the genomes, ping-pong piRNAs appear to be reducing the abundance of TE transcripts. In the case of the squirrel,
we effectively asked what PIWI/piRNAs do when TEs are not actively mobilizing. Contrary to our expectations, we found that TEs are being actively transcribed in the squirrel even though they do not accumulate in the genome and that these TEs appear not to be actively targeted by ping-pong piRNAs. Unlike the profiles observed in other mammals, in the squirrel, the presence of piRNAs mapping to a given TE did not lead to any reduction of TE transcripts and bears no traces of the ping-pong cycle. We hypothesize that this derives from the passive processing of TE transcripts into piRNAs in the squirrel, which sharply contrast with the PIWI/piRNA associated active reduction of TE transcripts in the rabbit and mouse and other mammals screened to date. In fact, the piRNA repertoires of the squirrel suggest the absence of an active ping-pong cycle in this species, a unique observation. The expression of PIWIL4 in adult testis also distinguishes the squirrel from other mammals and would suggest that methylation of TE-like sequences might have played a role in the TE shutdown experienced by the squirrel. The extended expression of PIWIL4 in squirrel should make this species an attractive model to explore the functional role of this PIWIL paralog and warrants further assays.
Methods
Sample acquisition and RNA sequencing
All animal procedures conformed with federal and institutional guidelines for humane care and use and were pre-approved by the respective Institutional Animal Care and Use Committees. Thirteen-lined ground squirrels were reared in the captive breeding colony at the University of Wisconsin, Oshkosh (Merriman et al. 2012) . For testis collection, euthanasia by cervical transection was conducted on neonates (P0), post-natal juveniles (P2, P8, P10, P13), and adults. For the rabbits, we sampled one juvenile (P21) and one adult (P > 90) male rabbit. For each specimen, a cross section of testis was snap frozen in liquid nitrogen immediately following castration and stored at -80°C prior to RNA isolation. We isolated total RNA using Trizol ® (Invitrogen, USA) according to the manufacturer's specifications. Small RNA libraries were prepared using the Illumina TruSeq small RNA kit © and 1 x 50 bp reads were sequenced on the Illumina Hi-Seq2000 platform. Directional RNASeq libraries were prepped using the Illumina TruSeq v2 kit and 2x100 bp reads were also sequenced on a HiSeq2000. All reads are available under the BioProject PRJNA528042. P7 mouse mRNA (SRR3659160), small RNAs (SRR3659150) adult mRNA (SRR765631) and mRNA (SRR772033) libraries were collected from the shortread archive (SRA).
TE annotation
To visualize the TE differences between the squirrel, rabbit and mouse genomes, we masked the ground squirrel (SpeTri2.0), rabbit (OryCun2.0.73) and mouse (GRCm38) genome using RepeatMasker 4.0.5 '-species
Ictidomys', '-species Oryctolagus', and '-species Mus', respectively. To estimate genetic distances, we used a modified calcDivergenceFromAlign.pl script included with RepeatMasker to calculate Kimura two-parameter (Kimura 1980 ) distances between each insertion and its respective consensus sequence. The option -noCpG was invoked to exclude highly mutable CpG sites from distance calculations. Redundant TE annotations were first identified using clusterBed (Quinlan and Hall 2010) and the longest annotation with the lowest K2P was selected as the most probable.
Genomic mapping
Prior to small RNA mapping, we clipped barcodes, removed reads that had bases with Phred quality score <25, and removed identical reads using modules in the fastx toolkit. We also removed low complexity small RNA sequences by zipping the sequence and removing sequences that compressed by more than 75%. We mapped piRNA sequences 24-32 bases long to the respective genomes using Bowtie 1.2 (Langmead et al. 2009) allowing one mismatch in the alignment and only allowed piRNAs to map to the 'best' locus (bowtie -y -v 1best). Ensemble annotations were used to define UTR, exon and intron boundaries. Each piRNA was annotated as TE-derived, genic, or unannotated.
TE expression and piRNA dynamics
To estimate expression profiles through testis development, we mapped RNASeq reads to a combined library of Ensembl predicted gene CDS sequences and TE consensus sequences using RSEM 1.3.1 (Li and Dewey 2011) .
If there were multiple predictions for a given gene, only the longest sequence was used to estimate expression.
We used default RSEM parameters and measured relative as transcripts per million (TPM).
Further, we examined piRNAs exhibiting evidence of the ping-pong cycle for TE consensus sequences. We mapped small RNA reads to TE consensus sequences using bowtie and allowed piRNAs to map to all positions allowing three mismatches per alignment (bowtie -a -v 3). We filtered for piRNAs that exhibited the ping-pong signature: small RNAs with a uridine in the first position of a primary piRNA, the primary piRNA overlapped with a complementary piRNA by 10 bp and the complementary (secondary) piRNA had an adenine in the 10 th position (Vandewege et al. 2016) . To compare piRNA abundance among species and developmental stages, we created a metric that corrected for piRNAs that mapped to multiple positions, library size, and consensus sequence lengths; we called this metric corrected piRNAs per kilobase million (cPPKM). Specifically, we scored each piRNA by dividing one by the number of different mapped positions. For each consensus sequence we summed the scores of the mapped piRNAs, divided by the score by the length of the consensus sequence (in thousands) and divided this number by the total number of piRNAs that mapped to the consensus sequence library (in millions).
To observe patterns between TE expression and ping-pong piRNA abundance, we summed TE expression values for each major TE subclass (LINEs, SINEs, and LTRs) and corresponding cPPKM values. We did not include DNA transposons in our analyses because these TEs were uncommon in the genome and had almost no expression and very few mapped piRNAs. Figure 1 . A) Relative contribution of TEs to the corresponding genome. The small pie charts document the contribution of the more recent TE insertions, with the size of the pie chart proportional to the relative contribution of recent insertions to each genome. B) Historical patterns of accumulation of the major TE categories inferred by calculating the Kimura 2-parameter distance between individual insertions and the corresponding consensus. Relatively young (<5% diverged) insertions to the left of the vertical line with lowe genetic distances were deposited more recently. The insertions to the left of the dashed vertical lines were considered for the small pie charts.
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